Abstract-In this paper, an efficient spectral signature based chipless RFID tag is presented, where 4 N number of words can be coded using only N number of resonators. As data bit encoding element, the proposed tag utilizes a number of modified complementary split ring resonators (MCSRR). A novel resonance detuning mechanism proposed here allows the use of an MCSRR to independently encode two data bits instead of one bit. Compared with two separate rings based CSRR, the proposed MCSRR occupies 56% less area and also reduces the resonance bandwidth requirement by more than 60%. The multiresonator circuit and the UWB antennas are implemented on a thin (0.127 mm) substrate with only single sided metallization. The proposed tag has great prospect to yield an ultra-low cost chipless RFID tag that may replace barcode in the long run.
INTRODUCTION
As chipless radio frequency identification (RFID) technology has the potential to offer ultra-low cost and fully printable tags, recently, there has been considerable interest in implementing a compact chipless RFID tag with adequate data capacity. Previously reported spectral signature encoded printable chipless RFID tags [1] can be classified into two groups: backscattering or RCS based tag and re-transmission based tag.
Backscattering or RCS based tag [2] [3] [4] [5] [6] [7] utilizes only resonating elements to produce frequency signatures and no dedicated antenna is used in the tag. In the case of RCS based tags, as interrogation signal and response signal from the tag are in same polarization, cross talk level between Tx and Rx sides at reader side often complicates the tag reading process.
In the case of re-transmission based tag, besides using resonators to encode data bits, two orthogonally polarized antennas are used to minimize cross talk between the interrogation and response signals [8] [9] [10] [11] [12] . However, reported retransmission based tags suffer due to their large size, as they maintain a 1 : 1 ratio between data bits and resonators. In order to enhance the space efficiency of retransmission based chipless RFID tags, an approach involving use of dual-band resonator as data encoding element has been reported in [13] . However, the reported dual-band resonator based tag cannot completely utilize both the bands to encode data bits, and hence only 3 N words or binary combinations can be encoded with N number of resonators.
In this article, a chipless RFID tag based on dual-band MCSRRs is presented. Unlike reported dual-band resonator based tag in [13] , where only three combinations (i.e., '11', '10' and '00') can be encoded using a single resonator, the proposed tag can encode all four combinations (i.e., '11', '10', '01' and '00') using a single MCSRR. Hence, instead of 3 N words the presented tag allows encoding of 4 N words utilizing N number of resonators and thus, yields greater bits/resonator. As a proof of concept, utilizing the frequency band from 6.8 to 11.2 GHz, several 8-bit chipless tags have been designed, fabricated and tested. In the case of final tag, much wider bandwidth, such as FCC-approved unlicensed UWB band (3.1 to 10.6 GHz) can be utilized to accommodate greater data capacity. 
RETRANSMISSION BASED CHIPLESS RFID TAG
Retransmission based chipless RFID tags have two major components: i) a multiresonator circuit and ii) UWB antennas. Configuration of a retransmission based spectral signature encoded chipless RFID tag is shown in Figure 1 . The multiresonator circuit encodes all the information for the tag and the two UWB antennas, one for reception (Rx) and the other for transmission (Tx), establishing communication link with the reader [13] . The Rx and Tx antennas are orthogonally polarized in order to minimize cross talk between the reader interrogation signal and the tag response signal [9] .
DOUBLE BIT ENCODING USING A SINGLE MCSRR

Conventional CSRR and MCSRR
Complementary split ring resonators (CSRR) are widely used for high Q band-stop filter applications [9] . In a conventional CSRR, there are two concentric rings where the splits of the two rings are located at two opposite sides of the resonator. Out of the two rings in the CSRR, the inner ring is used as a loading element for the outer ring, and both the rings collectively produce a single stop band [14, 15] .
To produce two independently controllable resonances, two separate rings based CSRR can be considered as shown in Figure 2 (a). The layout of the modified complementary split ring resonator (MCSRR) [14] that we have proposed is shown in Figure 2 (b). In Figure 2 (c), insertion loss results for the two separate rings based CSRR and MCSRR are presented. Comparing the two resonator configurations, besides occupying 56% less area, it is found that the proposed MCSRR also reduces the 3-dB resonance band (i.e., increases Q factor) by more than 60%.
In order to understand the effect of slot width (W slot ) on the resonance bandwidth (inversely related to the Q-factor of the resonator), we carried out a parametric study of the proposed MCSRR. In Figure 2 (d), results for parametric study of slot width (W slot ) on Q-factor and insertion loss performance of the MCSRR are presented. For the MCSRR, as W slot increases, the Q-factor decreases whereas the insertion loss (S 21 ) increases. This implies that the resonance bandwidth is lower (or Q-factor is higher) when W slot is smaller; however, for the current tag, slot width W slot is set to a moderate value (0.15 mm) to ease fabrication complexity.
Detuning of Resonance
For a resonator placed along or on a transmission line, a stop band is produced when the resonator is set to resonate. In the case of chipless RFID tags, to encode data bits as combinations of binary '1' and '0', presence of a stop band at a particular frequency can be linked to the binary state '1', whereas, the absence of the stop band, due to the detuning of the resonance, at the identical frequency can be linked to binary state '0'. As MCSRR is a dual-band resonator, two stop bands are produced simultaneously when it is set to resonate. Now, to generate four binary states (i.e., '11', '10', '01' and '00') using a single MCSRR, access to a simple layout modification mechanism that allows independent controlling of the appearance or disappearance of both the stop bands is critical. For the MCSRR, a novel resonance detuning mechanism has been devised, and the process is explained below. 
Encoding '11'
In the case of an MCSRR, out of the two stop-bands, the stop band at lower frequency is produced due to the resonance in the outer ring, and the stop band with higher frequency is produced due to resonance in the inner ring. While encoding the binary combination '11', both the outer and inner rings are required to resonate and hence, for this condition, the layout of the MCSRR shown in Figure 2 (b) is left unchanged. For encoding '11', the lengths of 'Split 1' and 'Split 2' are set to 0.35 mm and 0.2 mm respectively.
Encoding '10'
The resonance frequency arising from outer ring is linked to MSB, and the resonance frequency arising from inner ring is linked to LSB. Thus, detuning of the resonance due to the inner ring is required to encode the binary combination '10'. Removing the split of the inner ring, as shown in Figure 3 (a), detunes the corresponding resonance. However, detuning resonance of the inner ring changes the loading condition for the outer ring, and in the absence of the loading effect arising from the inner ring, the resonance frequency for the outer ring slightly shifts to higher frequency. Through reducing the length of 'Split 1' from 0.35 mm to 0.2 mm, this slight shift of resonance frequency has been mitigated.
Encoding '01'
To encode binary combination '01', the resonance due to the outer ring needs to be detuned, whereas, the resonance due to the inner ring is required to be retained. If split of the outer ring is removed, which detunes the outer ring resonance as well as isolates the inner ring, the resonance also gets detuned due to the inner ring. Hence, to detune only the resonance of the outer ring, instead of removal of the 'Split 1', an additional split is placed at the alternative vertical arm of the outer ring, as shown in Figure 3 
Encoding '00'
Encoding of binary combination '00' requires detuning of the resonances due to both the inner and outer rings. When 'Split 1' and 'Split 2' are removed from the outer and inner rings respectively, as shown in Figure 3(c) , both the resonances get detuned. Thus, while encoding '00', no stop band is produced from the MCSRR. For a single MCSRR, simulated insertion loss (S 21 ) responses for four different binary combinations (i.e. '11', '10', '01' and '00') are shown in Figure 3(d) . The stop band due to the resonance in the outer ring occurs at frequency f r1 , and the stop band due to the resonance in the inner ring occurs at frequency f r2 , where, f r2 > f r1 . As can be seen from Figure 3(d) , stop bands at both f r1 and f r2 can be controlled independently, thus, a single MCSRR can be used for encoding and subsequent decoding of any arbitrary 2-bit binary data.
DESIGN OF A COMPACT MULTIRESONATOR
A multiresonator circuit with more than two-bit data capacity can be realized by cascading multiple MCSRRs with non-overlapping resonant frequencies. Cascading only four of the MCSRRs, an 8-bit multiresonator circuit is designed. A photograph of a sample 8-bit multiresonator circuit is shown in Figure 4 (a). The circuit is based on CPW (Co-planar waveguide) configuration, and a substrate with only single sided metallization is used, thus, facilitates easy fabrication of the circuit. Here, a thin flexible substrate Taconic TLX -8 with ε r = 2.55, tan δ = 0.0019 and thickness, h = 0.127 mm has been used. Physical parameters for the designed circuit are shown in Table 1 . The designed circuit is capable of generating any 8-bit ID; however, for the purpose of demonstration, four arbitrary 8-bit codes are selected.
Measured insertion loss results (S 21 magnitude) for the four 8-bit multiresonator circuits with different IDs are shown in Figure 4 As can be seen from Figure 4(b) , when the circuit ID is '00000000', no stop band is produced, and this response can be used as a reference for other IDs. For the circuit with ID = '11111111', eight non-overlapping stop bands are produced where the measured S 21 is below −9 dB for each of the stop bands. When the ID of the circuit is changed to '11000011', resonances due to the outer rings of R 3 and R 4 as well as resonances due to the inner rings of R 1 and R 4 are effectively detuned, and hence, no stop band is produced at those frequencies. When the circuit is configured for the '00001111', resonances due to the outer rings of all four resonators are detuned, and hence, stop bands corresponding to b 7 -b 4 bit positions do not appear in the insertion loss results. Therefore, for each of the attempted 8-bit IDs, measured insertion loss results correspond well to their designed binary information codes.
DESIGN OF UWB ANTENNA
Besides the multiresonator circuit, another integral part of the chipless tag, as shown in Figure 1 , is two ultra wide band (UWB) planar antennas. As tag antennas, use of circular disk loaded monopole antenna has been widely reported in literature [16] [17] [18] [19] [20] . For the tag under investigation, two elliptical disk loaded UWB monopole antennas based on CPW configuration are designed, fabricated and tested. A photograph of a fabricated CPW monopole antenna is shown in Figure 5 (a). Measured return loss (S 11 ) for the antenna is presented in Figure 5(b) , and the result shows that the designed antenna has S 11 < −10 dB for 4.5 GHz to 11.5 GHz and covers the intended frequency band for the proposed chipless tag. Measured co-polar and cross-polar gains for the designed antenna are presented in Figure 5(c) . The antenna has a co-polar gain above 2 dBi in 0 degree azimuth direction for the intended frequency band. Measured cross-polar gain (also known as cross-polar isolation) for the antenna has an average value of −14 dBi, where the cross-polar gain varies from −12 dBi to −18 dBi over the operating frequency band. Measured H-and E-plane radiation patterns for the fabricated antenna are presented in Figure 6 . As expected for a monopole antenna, measured H-plane shows an omnidirectional pattern, and measured E-plane shows a shape of '8' pattern. 
EXPERIMENTAL VALIDATION OF THE CHIPLESS TAG
A photograph of a sample integrated chipless tag is shown in Figure 7 . The experimental setup used for testing of the integrated chipless tag is shown in Figure 8 , and the testing of the tags is carried out in a lab environment (i.e., not inside an anechoic chamber). A Vector Network Analyser (Agilent E8361A) has been used as the source of excitation signal (i.e., Tx power level: −15 dBm) as well as the receiver for the response signal. Two identical horn antennas, covering frequency band 6.8 GHz to 14.5 GHz with measured antenna gain of 14∼17 dBi, are used as reader transmitting (Tx) and receiving (Rx) antennas. Measured transmission responses (S 21 magnitude) between Tx and Rx reader antennas for several 8-bit integrated chipless tags with different IDs are presented in Figure 9 . The tag with ID = '00000000' is used as calibration tag. While decoding the state of particular data bit from measured tag response, occurrence of a local minima (i.e., abrupt change of slope) at the pre-specified resonance frequency position as well as large difference (i.e., 5 dB or more) in signal levels between tag under test and that for the calibration tag at the same frequency is considered as bit state '1'. If the two criteria are not fulfilled simultaneously, the bit state for the particular bit is considered as '0'.
As can be seen from measured results, the tag with ID = '11111111', where all the resonators are tuned 'ON', produces eight nulls in the measured S 21 response. For the tag with ID = '00001111', nulls are only produced for b 3 -b 0 frequency positions, and no null is detected at b 7 to b 4 frequency positions. While testing the integrated tags, the distance between the tag and the Tx/Rx antenna is set to 10 cm. If needed, longer reading range can be achieved by isolation (i.e., separation) between the Tx and Rx reader antennas, and also by increasing the Tx power level. Consistent measured results obtained from coded tags clearly demonstrate that the proposed tagging method based on MCSRR can be used for encoding and subsequent decoding of information bits for chipless RFID applications.
CONCLUSION
A compact single-sided metallization-based spectral signature encoded chipless RFID tag has been presented. For the proposed tag, two components, the multiresonator circuit and UWB tag antennas, are designed, fabricated and tested. For the proposed dual-band MCSRR, novel resonance detuning
